In this chapter, four natural polyhydroxy alcohols (polyols), including xylitol, sorbitol, adonitol, and erythritol were selected as the subject of study on phase change materials for thermal energy storage application. The thermodynamic study on these polyols was performed by adiabatic calorimetry (AC), differential scanning calorimetry (DSC), and thermogravimetric analysis (TG). The heat capacities of these polyols were measured in the temperature range from 80 to 400 K by a fully automated high-precision adiabatic calorimeter. The experimental heat capacities of these polyols were fitted to the polynomial equations of heat capacities as a function of temperatures. The thermodynamic property data, such as temperatures, enthalpies, and entropies of the phase transitions, were obtained based on the experimental heat capacities in the phase transition temperature range. According to the thermodynamic relation equations, the standard thermodynamic functions of these polyols, relative to the standard reference temperature 298.15 K, [H T -H 298.15 ] and [S T -S 298.15 ], were calculated with the interval of 5 K. The thermal stability and heat storage capacity of the polyols were also investigated by thermal analysis.
Introduction
In recent two decades, the phase change materials (PCMs) have attracted much attention due to their remarkable effects to thermal energy storage applications. It has been demonstrated that the research of PCMs is becoming one of the most hot research topic in the world. The basic theory of PCMs application is utilizing the heat energy being absorbed or released when the phase transition processes take place at a constant temperature. Consequently, the thermodynamic properties of PCMs, especially the heat capacity, phase transition temperature, and enthalpy would play a crucial role in both theoretically and technically investigating the thermal energy storage unit and its performance by using PCMs [1] .
Thermal energy storage technology has wide application prospects in solar energy utilization, power generation, waste heat recovery, and utilization. Phase change material is the prerequisite for the development of thermal energy storage system, so the study of phase change materials for latent thermal energy storage application is the core subject in this field.
The polyhydroxy alcohols (polyols) have multiple hydroxyl structures, so hydrogen bonds can be formed between the molecules, and then the enthalpy of phase transition is larger. Polyols as heat storage material have many advantages, such as high phase change enthalpy, wide phase change temperature range, high mass heat storage capacity, lower super cooling degree, long service life, nontoxic, noncorrosive, etc. [2] . Therefore, as a new kind of PCMs for energy storage, polyols have been paid more and more attention. The research on basic theory and practical application of polyols has been widely carried out in the world .
The thermodynamic properties are significant for practical application of PCMs in thermal energy storage. Hence, the thermodynamic studies of PCMs have been performed in our thermochemistry laboratory for nearly 20 years long [1] . In the last decade, we have carried out the thermodynamic study of polyol as phase change materials [2] . A series of polyols, which are easily obtained and have great technical and economic potential for application, were selected as PCMs for energy storage application. The thermodynamic properties of these polyols were studied in detail using high-precision automatic adiabatic calorimeter (AC), differential scanning calorimeter (DSC), and thermogravimetric analyzer (TG), respectively [2, [16] [17] [18] [19] [20] [21] [22] [23] .
In this chapter, we report our research results on thermodynamic properties of four natural polyols: xylitol, sorbitol, adonitol, and erythritol, and introduce the modern advanced experimental calorimetric techniques used for thermodynamic studies of phase change materials.
Experimental

Adiabatic calorimetry and heat capacity measurements
Adiabatic calorimetry is the most accurate approach to obtain the heat capacity data. In the present study, heat capacity measurements were carried out by a high-precision automatic adiabatic calorimeter over the temperature range 80-400 K. The adiabatic calorimeter was established by Thermochemistry Laboratory of Dalian Institute of Chemical Physics, Chinese Academy of Sciences in PR China. The structure and principle of the adiabatic calorimeter have been described in detail elsewhere [26, 27] . The schematic diagram of the adiabatic calorimeter is shown in Figure 1 . Briefly, the automatic adiabatic calorimeter is mainly composed of a sample cell, a miniature platinum resistance thermometer, an electric heater, the inner and outer adiabatic shields, two sets of six-junction chromel-constantan thermopiles installed between the calorimetric cell and the inner shield and between the inner and the Phase Change Materials and Their Applicationsouter shields, respectively, and a high vacuum can. The working temperature range is 78-400 K and, if necessary, it can be cooled by liquid nitrogen. The heat capacity measurements were conducted by the standard procedure of intermittently heating the sample and alternately measuring the temperature. The heating rate and the temperature increments of the experimental points were generally controlled at 0.1-0.4 KÁmin À1 and at 1-4 K, respectively, during the whole experimental process. The heating duration was 10 min, and the temperature drift rates of the sample cell measured in an equilibrium period were kept within 10
À3
-10 À4 KÁmin À1 during the acquisition of heat capacity data.
In order to verify the reliability of the adiabatic calorimeter, the molar heat capacities C p,m of the Standard Reference Material (SRM-720) (α-Al 2 O 3 ) were measured in the range from 78 to 400 K. The deviation of our calibration data from those of NIST [28] was within AE0.1% (standard uncertainty).
In the present study, the heat capacity measurements were conducted by means of the standard method of intermittently heating the sample and alternately measuring the temperature. The temperature difference between the sample and adiabatic shield was automatically kept to be about 10 À3 K during the whole experiment. The temperature increment for a heating period was about 3 K, and temperature drift was maintained about 10 À4 KÁmin À1 during each equilibrium period. The data were automatically collected through a Data Acquisition/Switch Unit (Model: 34420, Agilent USA) and processed online by a personal computer according to the program developed in our thermochemistry laboratory [26] .
DSC and TG analysis
A differential scanning calorimeter (Model: DSC141, SETARAM, France) was used to perform the thermal analysis of the natural polyols under high-purity nitrogen (99.999%) with a flow rate of 40 mlÁmin À1 and heating rate of 10 KÁmin À1 . The DSC141 was calibrated with indium and zinc standards. The xylitol sample was purchased from ACROS ORGANICS company with labeled purity >99% mass fraction. The sample was recrystallized and then purified by sublimation. It was handled in a dry N 2 atmosphere to avoid possible contamination by moisture. The chemical structure of xylitol is as follows:
The mass of the xylitol sample, used for heat capacity measurement was 4.87213 g, which is equivalent to 32.022 m mol based on its molar mass of 152.1457 gÁmol À1 .
The mass of the xylitol sample used in the DSC experiment was 3.48 mg, and in the TG analysis was 8.35 mg, respectively.
Results and discussion
Heat capacity
Experimental molar heat capacities of xylitol measured by the adiabatic calorimeter over the temperature range from 80 to 390 K are plotted in Figure 2 . From Figure 2 , a phase transition was observed in the range of 360-375 K with the peak heat capacity at 369.04 K. According to its melting point 365.7 K [7] , this transition corresponds to a solid-liquid phase change.
The values of experimental heat capacities can be fitted to the following polynomial equations with least square method:
For the solid phase over the temperature range 80-360 K: For the liquid phase over the temperature range 370-390 K:
where x is the reduced temperature, x = [(T/K) À 380]/10, T is the experimental temperature, 380 is obtained from polynomial T max þ T min ðÞ =2, 10 is obtained from polynomial T max À T min ðÞ =2. T max and T min are the upper (390 K) and lower (370 K) limit temperatures, respectively. The correlation coefficient of the fitting R 2 = 0.993.
The temperature, enthalpy, and entropy of solid-liquid phase transition
The standard molar enthalpy and entropy of the solid-liquid transition Δ fus H 0 m and Δ fus S 0 m of the compound were derived according to Eqs. (3) and (4): where T i is the temperature that is somewhat lower than the temperature of the onset of a solid-liquid transition and T f is the temperature slightly higher than that of the transition completion. Q is the total energy introduced into the sample cell from T i to T f , H 0 , the standard heat capacity of the sample cell from T i to T f , C 0 p, m (s), the standard heat capacity of the sample in solid phase from T i to T m , C 0 p, m (l), the standard heat capacity of the sample in liquid phase from T m to T f , and n is the molar amount of the sample. The heat capacity polynomials mentioned above were used to calculate the smoothed heat capacities, and were numerically integrated to obtain the values of the standard thermodynamic functions above T = 298.15 K. The calculated results can be found in our previous publication [17] .
The thermodynamic functions of the xylitol relative to the reference temperature 298.15 K were calculated in the temperature range 80-390 K with an interval of 5 K, using the polynomial equation of heat capacity and thermodynamic relationships as follows:
Before melting,
After melting,
where T i is the temperature at which the solid-liquid phase transition started; T f is the temperature at which the solid-liquid phase transition ended; Δ fus H 
The result of TG and DSC analysis
From the DSC curve in Figure 3 , a sharply endothermic peak corresponding to melting process was observed, with the peak temperature of 367.52 K and the enthalpy of 33.68 AE 0.34 kJÁmol
À1
, which are consistent with the values 369.04 K, 33.26 AE 0.17 kJÁmol À1 observed from the adiabatic calorimetric measurements. The results were listed in Ref. [17] , from which, it can be seen that the standard thermodynamic parameters obtained from adiabatic calorimetry and DSC in the present research are in accordance with each other and slightly lower than those reported in literature [4] .
From the TG curve in Figure 4 , it can be seen that the mass loss of the sample was completed in a single step. The sample keeps thermostable below 400 K. It begins to lose weight at 451.20 K, reaches the maximum rate of weight loss at 617.13 K, and completely loses its weight when the temperature reaches 675.30 K. The sorbitol sample was purchased from YuanJu Bio-Tech Co. Ltd. Shanghai, in PR China with batch number 040603 and labeled purity >99.0% mass fraction. The sample was recrystallized and then purified by sublimation. It was handled in a dry N 2 atmosphere to avoid possible contamination by moisture.
The chemical structure of sorbitol is as follows:
The mass of the sorbitol sample used for the heat capacity measurement is 3.71682 g, which is equivalent to 20.403 m mol based on its molar mass of 182.17165 gÁmol À1 .
The mass of the sorbitol sample used in the DSC and TG experiment is 3.01 mg and 13.15 mg, respectively.
Results and discussion
Heat capacity
Experimental molar heat capacities of sorbitol measured by the adiabatic calorimeter over the temperature range from 80 to 390 K are listed in Ref. [18] and plotted in Figure 5 . From Figure 5 , a phase transition was observed in the range of 360-375 K with a peak temperature of 369.157 K. According to its melting point 366.5 K [7] , this transition corresponds to a solidliquid phase change.
For the solid phase over the temperature range 80-355 K: 
where x is the reduced temperature, x = [(T/K)À382.5]/7.5, T is the experimental temperature, 382.5 is obtained from polynomial T max þ T min ðÞ =2, 7.5 is obtained from polynomial T max À ð T min Þ=2. T max and T min are the upper (390 K) and lower (375 K) limit temperatures, respectively. The correlation coefficient of the fitting R 2 = 0.9968.
The heat capacity polynomials (9), (10) were used to calculate the smoothed heat capacities, and were numerically integrated to obtain the values of the standard thermodynamic functions above T = 298.15 K. The calculated results are listed in Ref. [18] .
The temperature, enthalpy, and entropy of solid-liquid phase transition
The molar enthalpies and entropies of the solid-liquid phase transition Δf us H m and Δf us S m of sorbitol were derived according to the thermodynamic equations (see Section 4.2.2 in this chapter). The derived thermodynamic parameters were listed in Ref. [18] .
Thermodynamic functions of sorbitol
The thermodynamic functions of the sorbitol relative to the reference temperature 298.15 K were calculated in the temperature range 80-390 K with an interval of 5 K, using the polynomial equations of heat capacity (9), (10) 
The result of TG and DSC analysis
From the DSC curve in Figure 6 , a sharply endothermic peak corresponding to melting process was observed, with the peak temperature of 372.39 K and the enthalpy of 30.66 AE 0.31 kJÁmol
À1
, which are consistent with the values (369.157 K, 30.35 AE 0.15 kJÁmol À1 ) observed from the adiabatic calorimetric measurements. The results were listed in Ref. [18] , from which it can be seen that the thermodynamic parameters obtained from adiabatic calorimetry and DSC in the present research are in accordance with each other and slightly higher than those reported in literature [7] . 
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From the TG-DTG curve in Figure 7 , it can be seen that the mass loss of the sample was completed in a single step. The sample keeps thermostable below 500 K. It begins to lose weight at 529.50 K, reaches the maximum rate of weight loss at 647.56 K, and completely loses its weight when the temperature reaches 764.50 K. 
Thermodynamic properties
Sample
The adonitol sample was purchased from ACROS ORGANICS Company with labeled purity of 99.0% mass fraction and was handled in a dry N 2 atmosphere to avoid possible contamination by moisture. GC analyses of the samples gave purities >99.0% in agreement with their specifications. The sample was used without additional purification. The chemical structure of adonitol is as follows:
The sample amount used for the heat capacity measurement is 2.27977 g, which is equivalent to 14.984 mmol based on its molar mass of 152.1457 gÁmol À1 .
The mass of the sample used in the DSC experiment was 6-8 mg.
The mass of the sample used in the TG experiment was 11.72 mg.
Results and discussion
Heat capacity
Experimental molar heat capacities of adonitol measured by the adiabatic calorimeter over the temperature range from 78 to 400 K are listed in Ref. [21] and plotted in Figure 8 . From Figure 8 , a phase transition was observed at the peak temperature of 369.08 K. According to its melting point 374.7 K [7] , this transition corresponds to a solid-liquid phase change. The values of experimental heat capacities can be fitted to the following polynomial equations with least square method: For the solid phase over the temperature range 78-360 K: For the liquid phase over the temperature range 375-400 K:
where x is the reduced temperature, x = [(T/K) À 387.5]/12.5, T is the experimental temperature, 387.5 is obtained from polynomial T max þ T min ðÞ =2, 12.5 is obtained from polynomial T max À ð T min Þ=2. T max and T min are the upper (400 K) and lower (375 K) limit temperatures, respectively. The correlation coefficient of the fitting R 2 = 0.9954.
The temperature, enthalpy, and entropy of solid-liquid phase transition
The molar enthalpies and entropies of the solid-liquid phase transition Δf us H m and Δf us S m of adonitol were derived according to the thermodynamic equations (see Section 2.2.2 in this chapter). The derived thermodynamic parameters were listed in Ref. [21] .
Thermodynamic functions of adonitol
The thermodynamic functions of the adonitol relative to the reference temperature 298.15 K were calculated in the temperature range 80-400 K with an interval of 5 K, using the polynomial equations of heat capacity (11), (12) and thermodynamic relationships (see Section 3.2.2. in this chapter).
The calculated thermodynamic functions, H T -H 298. 15 and S T -S 298.15 , are listed in Ref. [21] . 
The result of TG and DSC analysis
From the DSC curve in Figure 9 , a sharply endothermic peak corresponding to melting process was observed, with the melting temperature of 373.61 AE 0.55 K and the enthalpy of 38.89 AE 1.17 kJÁmol
À1
, which are slightly higher than the values 369.08 K, 36.42 AE 0.18 kJÁmol À1 observed from the adiabatic calorimetric measurements and slightly lower than the values Figure 9 . DSC curve of adonitol under high-purity nitrogen. ) from G. Barone et al. in literature [7] . The results were listed in Ref. [21] . The data from DSC are obtained at a 10 KÁmin À1 scanning rate, in which the sample could not reach thermal balance. However, the data of adiabatic calorimetry are obtained by means of the standard method of intermittently heating the sample and alternately measuring the temperature. The temperature difference between the sample and adiabatic shield was automatically kept to be about 10 À3 K during the whole experiment. The temperature increment for a heating period was about 3 K, and temperature drift was maintained about 10 À4 Kmin À1 during each equilibrium period. Therefore, this process is much more near to "adiabatic" and "balanced" than DSC method. Generally, the phase change temperature obtained from AC is lower than that from DSC.
From the TG-DTG curve in Figure 10 , it can be seen that the mass loss of the sample was completed in a single step. The sample keeps thermostable below 550 K. It begins to lose weight at 551.55 K, reaches the maximum rate of weight loss at 577.38 K, and completely loses its weight when the temperature reaches 601.82 K. The erythritol sample was purchased from Shandong Baolingbao Biotechnology Co. Ltd. in PR China with batch number 060715 and labeled purity >99.0% mass fraction. The sample was recrystallized and then purified by sublimation. It was handled in a dry N 2 atmosphere to avoid possible contamination by moisture. Erythritol's molecular formula is C 4 H 10 O 4 with molar mass of 122.11975 gÁmol À1 and structural formula as follows:
The mass of the erythritol sample used for the heat capacity measurement is 4.76575 g, which is equivalent to 39.025 m mol based on its molar mass of 122.11975 gÁmol
. The mass of the erythritol sample used in the DSC experiment was 9.70 mg. The mass of the erythritol sample used in the TG measurements was 18.35 mg.
Results and discussion
Heat capacity
Experimental molar heat capacities of erythritol measured by the adiabatic calorimeter over the temperature range from 80 to 410 K are listed in Ref. [20] and plotted in Figure 11 . From 
where X is the reduced temperature, X = [(T/K) À 402.5]/7.5, T is the experimental temperature, 402.5 is obtained from polynomial T max þ T min ðÞ =2, 7.5 is obtained from polynomial T max À T min ðÞ =2. T max and T min are the upper (410 K) and lower (395 K) limit temperatures, respectively. The correlation coefficient of the fitting R 2 = 0.9985. 
The result of TG and DSC analysis
From the DSC curve in Figure 12 , a sharply endothermic peak corresponding to melting process was observed, with the peak temperature of 397. ) observed from the adiabatic calorimetric measurements. The results were listed in Ref. [20] , from which it can be seen that the thermodynamic parameters obtained from adiabatic calorimetry and DSC in the present research are in accordance with each other and slightly lower than those reported in literature [7] . 
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From the TG-DTG curve in Figure 13 , it can be seen that the mass loss of the sample was completed in a single step. The sample keeps thermostable below 450 K. It begins to lose weight at 476.75 K, reaches the maximum rate of weight loss at 557.44 K, and completely loses its weight when the temperature reaches 582.35 K.
Conclusion
In this chapter, the heat capacities of four kind of natural polyols, including xylitol, sorbitol, adonitol, and erythritol were measured in the temperature range from 80 to 400 K using a fully automated and high-precision adiabatic calorimeter constructed in our thermochemistry laboratory. The thermal stabilities of these polyos were also determined by thermal analysis techniques, differential scanning calorimeter (DSC), and thermogravimetric analyzer (TG). The heat capacity and thermodynamic property data presented in this chapter would provide a significant thermodynamic basis for understanding the thermal characteristics in both theory and practical designing of thermal energy storage units by using these polyols as PCMs. According to the above research results, the following conclusions can be drawn:
1. As the temperature of the polyols gradually increases, the solid-liquid phase change takes place, and the enthalpies of phase change are relatively large, hence, the polyols can be used as solid-liquid PCMs for thermal energy storage.
2.
The phase change and thermostable temperature zone of the natural polyols covers 300 400 K, which is suitable for temperature control of human life and industrial production. 
